The analysis of flow fields and temperature distributions is of paramount importance in the development and optimization of new spacer-filled channel geometries for Membrane Distillation modules. The literature reports only few studies on the experimental characterization of such channels and, to the authors' knowledge, none of them presents local information concerning the temperature distribution on the membrane surface. In the present work, a non-intrusive experimental technique named TLC-IA-TP is presented: it is based on the use of Thermochromic Liquid Crystals (TLCs) and digital Image Analysis (IA) and it is applied here for the first time to the analysis of Temperature Polarization (TP) in spacer-filled channels typically adopted in thermally-driven membrane separation processes. In particular, this technique allows the local distribution of convective heat transfer coefficients to be determined, thus providing (i) useful indications on strengths and weaknesses of some spacer arrangements and (ii) valuable benchmark data for Computational Fluid Dynamics (CFD) studies. For the purpose of the present work, the Cite this article as: Tamburini, A., Pitò, P., Cipollina, A, Micale, G., Ciofalo, M., A Thermochromic Liquid Crystals Image Analysis technique to investigate polarization in spacer-filled channel, Journal of Membrane Science, 447 (2013) 
technique's fundamentals are presented, along with a comprehensive assessment of the technique's accuracy. Results of some preliminary measurements on commercial spacers are also reported.
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INTRODUCTION AND LITERATURE REVIEW
Membrane distillation (MD) is a relatively new process that is being investigated worldwide as a low cost, energy saving alternative to conventional separation processes such as distillation and reverse osmosis [1, 2] . Nowadays, the possibility of driving the process via solar thermal energy and waste heat has further enhanced the interest towards this technique [3] [4] [5] [6] [7] . MD is a separation technique combining the features of both thermal and membrane-based distillation processes.
Thermal energy causes the liquid to vaporise in an evaporator channel, while a hydrophobic microporous membrane allows the passage of vapour only to a condenser channel (Figure 1 ). The driving force of the overall process is the trans-membrane vapour pressure difference, function of the liquid temperature at the two membrane interfaces, while the associated flux depends both on trans-membrane resistance to mass/heat transfer and on the convective resistance from the liquid bulk to the membrane interface on either side. The latter gives rise to the so called polarization phenomenon occurring within the liquid-filled channels. A number of published papers have already addressed the problem of a detailed mathematical description of mass and heat balance and transport equations in MD modules [8, 9] .
Polarization phenomena may play a fundamental role in controlling mass and heat transfer, thus affecting the process performance in terms of specific flux per unit surface of membrane.
Polarization is also strictly related to the values of the flux crossing the membrane (the higher the flux, the larger the corresponding polarization). Thus, while most researchers are mainly working on the development of improved membranes for MD, the problem of temperature polarization may become the dominant factor limiting flux enhancement, thus hindering the above efforts.
One of the main solutions proposed to the problem of polarization in membrane-based systems is the promotion of mixing inside the channels by a suitable choice of the module geometry. Indeed, hydrodynamics is known to play a crucial role in influencing MD module performance [10] . In this regard, spacers are normally interposed between consecutive membrane sheets in planar or spiralwound modules to mechanically support the membranes; such spacers are also beneficial as mixing promoters. The benefit of different spacer geometries in reducing polarization phenomena, thus enhancing the overall performance of the process, may be significant [11] . On the other hand, the presence of a spacer may significantly influence the fluid flow also in terms of pressure drops and shear stresses as demonstrated by a number of published studies [12] [13] [14] [15] [16] . Spacers so far adopted for MD applications are basically nets consisting of two or more layers of polymeric wires, which are often thought of and designed for completely different applications than MD separation. In this regard a suitable optimization of their features and geometrical configuration would be desirable to enhance the process performance.
Since mixing enhancement depends, in general, on all the geometrical features of a spacer, the effect of using different types of spacers in MD channels has been studied in order to find the geometric characteristics which maximize the heat transfer coefficient and the corresponding mass flux across the membrane, i.e. minimize the temperature polarization effect [17] [18] [19] [20] [21] .
Spacers can be characterized by wire diameter, distance between subsequent wires, angle between wires, wire orientation with respect to the flow, etc.. In particular, the last feature is known to be one of the most important, as it is responsible for the changes in flow direction and flow pattern [22, 23] . Recently Shakaib et al. (2012) [24] employed Computational Fluid Dynamics (CFD) to address this issue and confirmed that spacer orientation greatly affects temperature polarization and heat transfer rates.
Phattaranawik et al. [25] measured 30-40% enhancements in mass flux across the membrane in DCMD when the channel was filled with a spacer with respect to the values obtained with an empty channel. This occurrence was also associated with a substantial increase of the temperature polarization coefficient τ, defined as the ratio between the trans-membrane temperature difference and the difference between bulk temperatures in the two channels: with reference to Figure 1 ( ) ( )
According to this definition, the lower the value of τ, the stronger is the effect of temperature polarization on the driving force, thus worsening the performance of the separation process. A coefficient ranging from 0.57 to 0.76 was found for the case of an empty channel, against values ranging from 0.9 to 0.97 in spacer-filled channels (at the same mass flow rate).
Martìnez and Rodrìguez-Maroto [26] demonstrated how the presence of a spacer significantly increases not only the heat transfer coefficient but also its dependence on the fluid flow velocity inside the channel.
Chernyshov et al. [27] carried out experiments on temperature polarization in Air Gap Membrane Distillation (AGMD) module with the aim of investigating the dependence of permeate flux and pressure drop on flow rate for five spacers of the same thickness but different geometries. They obtained fluxes up to 2.5 times higher in spacer-filled channels than that in an empty channel, thus concluding that employing an empty channel is an unacceptable choice.
Lower enhancements of the permeate flux (up to 30%) were obtained by Yun et al. [28] for the case of DCMD modules. They also found that the effect of a spacer placed in the hot-side channel was larger than that of the same spacer placed on the cold-side.
It should be observed that the beneficial effect of the spacer on the overall performance decreases at high flow rates, when mixing is already promoted by turbulence in the fluid. In this regard, the findings by Phattaranawik et al. [29] suggest the existence of transitional fluid flow within the spacer-filled channels at typical MD operating conditions. Another important aspect is the spatial resolution of the experimental techniques adopted so far.
Up to now, most studies have focused on the evaluation of efficiency enhancement at a large scale by referring only to average values of temperature and heat or mass flux. Surprisingly, only little attention has been devoted to the local characterization of the spacer influence on the separation process. Data on temperature distributions would allow a better understanding of temperature polarization phenomena as related to the spacer's geometry, thus guiding the choice of the more effective spacer-channel configurations. CFD may greatly aid the design of improved spacers for MD processes: a CFD model may intrinsically be able to provide local information on temperature distribution and polarization as well as on flow field and pressure drops with any level of detail.
Thus, many efforts have been devoted to the CFD simulation of spacer-filled channel modules for MD [20, 21, 24, 30, 31] , but the results obtained have not yet been sufficiently validated because of the lack of detailed experimental information on local temperature and heat transfer coefficient distributions [32] .
This issue is addressed in this work by employing a novel space-resolved technique, briefly presented in two previous conference papers [33] [34] by the same authors, to assess the local temperature and heat transfer coefficient distribution on the membrane surface. This technique, named TLC-IA-TP, makes a combined use of Thermochromic Liquid Crystals and digital Image Analysis.
TLCs are organic compounds able to change their colour with varying temperature. They show a temperature range in which they reflect light in the visible spectrum from red (at lower temperature) through orange, yellow and green with increasing temperature, up to blue and violet (at the higher temperature). They are colourless below and above this active range of temperature [35] . TLCs are used in a number of applications, well documented in the scientific literature, for obtaining superficial temperature distributions in the study of heat transfer phenomena [36] [37] [38] [39] and for flow dynamics visualization inside channels [40] [41] [42] .
EXPERIMENTAL SET-UP AND PROCEDURES
Description of the experimental facility
A test rig was purposely designed and manufactured with the aim of measuring the temperature distribution at the hot fluid/surface interface of an "MD-like" spacer-filled channel by the use of A schematic representation of the test section along with the temperature profile is reported in Figure 3 . As a difference from Figure 1 , the temperatures T 1 , T 2 on both sides of the TLC sheet have 8 been reported and the flow is assumed to be co-current as in the experimental rig standard operation. The thickness of the polycarbonate layer L pol was chosen (as better illustrated in section 3.1) in order to maximize the wall temperature variation measured by the TLCs.
Cold fluid is forced to flow on the opposite side of the polycarbonate layer, within the "cold channel". In this latter a 3 mm thick, 20 mm wide spacer frame was also inserted to guarantee the channel thickness during the test runs and to promote turbulence in the cold fluid, but leaving the central part of the cold channel completely free for visual investigation and for recording the TLC images by a digital camera (Figure 4 ). Polarization phenomena occurring in the hot channel are thus 9 measurable by the temperature distribution provided by the coloured TLC sheet, according to a post-processing procedure that will be described in section 2.2.
It is worth noting that, though no membrane is employed in the system, latent and conductive heat transfer through the membrane were replaced here by the conductive heat transfer from the hot channel to the cold one via conduction across the TLC and polycarbonate layers. The overall scheme of the experimental rig is shown in Figure 5 RTDs connected, through a signal amplifier, to a National Instruments ® data acquisition board. As it can be seen in Figure 6 , the whole test section is mounted on a tilting table, which allows it to rotate around the axis A-B of Figure 2 and thus to operate either in the horizontal or in the vertical orientation of the channels. An independent, orthogonal tilt (around axis A-C of Figure 2 ) is also possible and is used to facilitate the elimination of air bubbles during the channel fill-up process. 
TLC-IA-TP technique fundamentals
In order to avoid image compression effects, all images were recorded in RAW form. RAW files were subsequently converted to TIFF and then split into HSV (Hue, Saturation, Value) components ( Figure 7 ). This is necessary as original TIFF images are defined in the RGB space where the colour of each pixel results from the combination of the three intensities of red, green and blue additive primaries. On the other hand, the H component of the HSV space is close to the colour perceived by the human eye, and can be related to the corresponding temperature value in a unique way by means of a calibration curve derived in situ (see section 2.4). The colour map shown by the TLC sheet is thus converted into a map of local temperature.
With reference to the temperature profiles sketched in Figure 3 and under the assumption of onedimensional heat transfer (see section 3.2), it is possible to write the heat transfer equations in each layer of the test section, i.e. convective heat transfer in the hot channel (Eq. 2), conductive heat transfer in the TLC sheet (Eq. 3) and in the polycarbonate layer (Eq. 4), convective heat transfer in the cold channel (Eq. 5):
Conventionally, the temperature exhibited by the TLCs will be identified with T 1 as justified by the structure of the TLC package, see also section 3.4. By arranging together equations 2-5, the global heat transfer equation can be derived:
Finally the combination of Eq. 2 and Eq. 6 gives the local hot-side heat transfer coefficient h h , which is only a function of the locally measured temperature T 1 of the TLC sheet once the bulk temperatures of hot and cold fluids and the cold-side heat transfer coefficient are known:
Notably, T h and T c were measured by Pt100 RTDs only at the inlet and at the outlet of the 2 channels and a linear variation of T h and T c along the channel was assumed.
On the basis of the former equations and in accordance with Eq. 1, the local temperature polarization coefficient can be calculated as:
Post processing was conducted on the central region of the overall test section, thus avoiding border and entry effects (see Figure 8 ). Table 1 and Figure  9 )
Spacer geometries investigated
Experimental tests were carried out using three different spacer configurations with different geometrical features, as shown in Figure 9 and listed in Table 1 . Note that the overall channel height, h ch may be less than the sum of the two wire diameters d w1 , d w2 due to partial compenetration of the wires. The Tenax CN13 ® spacer consists of one layer of thick wires and another layer of thinner wires oriented at 45° with respect to the former. Due to its asymmetry, it was tested with either the thin wires or thick wires touching the TLC sheet, yielding the two configurations Tenax-A or Tenax-B, respectively. In both cases the thick wires were parallel to the main flow direction. Finally a symmetric commercial diamond spacer, characterized by rhombusshaped unit cells, was tested; in this case the cell diagonals were parallel to the fluid flow. For each spacer, the hot-side flow rate was made to vary from 60 l/h to 160 l/h. 
In situ calibration of the TLCs
The thermochromic response of the TLC sheet was first characterized by an in-situ calibration.
Water from the heating thermostat was made to circulate through the ducts on both sides of the TLC-polycarbonate wall at a temperature gradually varying from 30°C up to 40°C in 0.2°C steps.
At each imposed temperature, once steady state conditions inside the test section were achieved (as indicated by the Pt100 readings), a photograph of the colorimetric response of the TLCs was acquired. This provided, after the relevant data post-processing, the Hue vs T dependence shown in Figure 10 . A 6th degree polynomial was employed to fit the data within the experimentally investigated range and was adopted as the calibration curve. It is worth noting how the slope of the curve changes markedly from the green to the blue region at about 31.5°C and how the blue region is spread through a large range of temperatures. Experimental tests have mainly been focused on the first part of the curve, i.e. from ~30°C up to ~35°C, where larger variations in the hue component with the temperature can be observed. 
SENSITIVITY ANALYSIS AND CHOICE OF WORKING QUANTITIES
The set-up of the experimental technique required a careful analysis of the dependence of the results on a number of issues related to design or operating conditions and to simplifying modelling assumptions. Preliminarily, it should be observed that it is desirable to keep the hot fluid temperature as uniform as possible in the different tests, so as to obtain a fixed value of the Prandtl number thus reducing the number of parameters involved. Also, high values of T h ( > 40°C) may affect the TLCs' response or even damage them. The value T h = 35°C was chosen in the present tests. In its turn, the cold fluid bulk temperature T c could not be reduced too much due to the limitations of the cooling system. The value T c = 15°C was adopted here. Finally, in order to minimize thermal losses and improve the temporal stability, it is desirable that the average system temperature (T h + T c )/2 be not too far from the ambient temperature (it was 25°C in the present tests).
In this section four issues are addressed, namely:
1) the choice of the polycarbonate layer thickness, L pol ;
2) the assumption of one-dimensional heat flux;
3) the accuracy of the heat transfer coefficient estimate within the "cold channel", h c ; 4) the measurement uncertainty.
Choice of the polycarbonate layer thickness L pol
Characterizing the dependence of the With reference to the sketch reported in Figure 3 , a reduced temperature θ can be defined as:
Thus, Eqs. 2 to 4 can be rewritten as:
By combining Eqs 11 and 12:
where h h * is a fictitious heat transfer coefficient taking into account for the conduction through the TLC and polycarbonate layers. By equating Eq. 13 with Eq. 10, the relation between the temperature θ 1 and the polycarbonate layer thickness can be obtained:
By defining ∆θ as the difference between the values of θ 1 calculated for h h = h h,max and h h = h h,min , it is possible to analyse the trend of ∆θ as a function of L pol . This is shown in Figure 11 for 
Hypothesis of one-dimensional heat flux
Eqs. 2-5 (and 10-12) are based on the assumption of one-dimensional heat transfer, i.e. only heat flow perpendicular to the TLC-polycarbonate layer was taken into account. Actually, the presence of the spacer causes a periodic pattern of alternating zones characterized by different heat transfer coefficients and thus by different temperatures on the solid surface. These, in turn, can generate heat fluxes along directions parallel to the TLC-polycarbonate layer (longitudinal heat transfer). Since, the size of the spacer mesh may be comparable with the thickness of this layer, longitudinal heat transfer cannot be neglected a priori, and the one-dimensional approximation needs to be validated.
In the following, a simple theoretical analysis, based on the assumption of two-dimensional heat flux, will be conducted and the corresponding results will be compared with those obtained under the assumption of one-dimensional heat flux.
Under the hypotheses of two-dimensional heat flux, steady state conditions, absence of heat generation, constant λ and with reference to Figure 12 , the heat conduction equation can be written as: In order to solve Eq. 15, four boundary conditions and an interface condition (between the TLC and the polycarbonate sheet) were imposed:
Heat flux continuity at the hot fluid -TLC interface:
Heat flux continuity at the cold fluid -polycarbonate interface:
Zero heat flux through the x = 0 and x = l m boundaries:
Heat flux continuity at the TLC-polycarbonate interface:
Eq. 15 along with the boundary/interface conditions in Eqs. 16-20 were implemented and solved by means of the DAEs solver of the software gPROMS ® [43, 44] .
A trapezoidal profile of h h along the x direction was imposed and the corresponding profile Τ 1 was calculated. The Τ 1 profile was then employed to calculate the h h (x) profile via Eq. 7 valid for one-dimensional heat flux. Finally, the h h profile thus obtained was compared with the imposed one.
The results presented in Figure 13 for In Figure 13 it can also be observed that the lower the thickness L of the TLC-polycarbonate layer the hot and the cold channel, the lower the dicrepancy between the imposed h h profile and that calculated by the 1-D heat transfer hypothesis.
The effect of the spacer mesh lenght l m was also investigated and the relevant results are reported in Figure 14 . As it can be seen, the difference between the two approaches is small and decreases as l m increases.
Summarizing, it can be stated that adopting the one-dimensional approach provides a sufficiently accurate representation of the heat transport occuring in the test section. 
Estimation of the heat transfer coefficient in the cold channel
The heat transfer coefficient in the cold channel, h c , was calculated via the Dittus-Boelter 
Uncertainty assessment
A thorough assessment of the TLC-IA-TP technique uncertainty in estimating h h was carried out by referring to the uncertainty definition given by Moffat [45] . According to Eq. 7, h h is depending on n = 8 different quantities "x i ". In formulae:
… , x n ). The uncertainty (standard deviation) of h h can be estimated as: T h , T c ) Also the σ relevant to these variables derive from two contributions: one is again due to the Pt100 uncertainty (i.e. 0.05°C), while the other is due to the assumption of a linear variation of the temperature along the channel. This latter σ was estimated to be 0.1°C. Therefore, the global σ relevant to the variables T h and T c has been assumed to be conservatively ~0.15°C. The uncertainties employed for the eight quantities are summarized in the following Table 2 . As concerns the mean value of h h , the uncertainty in the measurement of this quantity was estimated to be below ±15% for practically all the cases investigated in the present work. Only in the case of the diamond spacer at the highest flow rate (which leads to the highest h h ), a σ of ≈18% was estimated. An example relevant to the Tenax-A spacer is reported in Figure 16 where the different symbols refer to two distinct tests (conducted at several days' distance) while the error bars represent the calculated σ. It is worth observing that the TLC-IA-TP technique was found to have a good reproducibility as a close inspection of Figure 16 shows: only a very slight difference
in the values of h h between the two tests was found (maximum discrepancy below 1.2%). A further analysis was carried out aiming at finding the quantities whose uncertainty mostly affects σ(h h ). Figure 17 reports the relative importance of the various contributions to the total uncertainty σ(h h ). As it can be seen, when h h is low, the global σ(h h ) is mainly due to the polycarbonate thermal conductivity uncertainty which alone contributes about 34% of σ(h h ). The 
RESULTS AND DISCUSSION
Temperature and heat transfer coefficient distribution
Following the formerly described procedure, the images acquired during the experimental tests were post-processed in order to obtain distributions of temperature and heat transfer coefficient.
As previously mentioned, three different spacer-channel configurations were investigated.
The results relevant to the spacer named Tenax-A are presented in Figure 18 . In particular, Figure   18a reports the original photograph of a test region, which contains 9 repetitive unit cells of the spacer. Figure 18b shows the relevant temperature distribution map. Figure 18c shows the corresponding local heat transfer coefficient. Note that, here as in the following Figure 19 By analysing the images recorded and with reference to the actual position of the wires, reported for clarity purposes in Figure 18c , it is possible to identify in each unit cell three different regions characterized by:
-Minimum temperature and heat transfer coefficient (h h <1500 W/m 2 K in Figure 18d ) in correspondence with the intersection points where the thicker longitudinal wires push the thinner oblique wires tightly against the wall so that convection is inhibited and heat transfer occurs purely by conduction. In these regions, the local temperature polarization coefficient τ of Eq. 8 is ~ 0.72.
-High temperature and heat transfer coefficient (h h >3000 W/m 2 K in Figure 18d ) in the reattachment regions immediately upstream of the oblique wires, where mixing is enhanced thanks to a significant presence of velocity components perpendicular to the conductive wall, thus resulting in τ values close to 1. These regions are roughly elliptic and elongated in a 45° direction due to the wires' orientation.
-Intermediate temperature and heat transfer coefficient (1500<h h <3000 W/m 2 K in Figure 18d) immediately downstream of the oblique wires and, particularly, downstream of contact areas, in correspondence with separated flow regions (here, τ ≈ 0.72-0.85).
It is worth noting that the heat transfer coefficient does not attain minimum (purely conductive)
values along the whole linear contact between the wall and the oblique wires, presumably because these latter are rather flimsy and allow some residual flow rate.
The Tenax-B spacer is geometrically identical to the Tenax-A: the only difference concerns the orientation. In the case of Tenax-B, the longitudinal wires are in contact with the TLC surface.
Relevant results are presented in Figure 19 and show surface patterns of temperature and heat transfer coefficient quite different from those observed with Tenax-A. As also already observed in Figure 18 
Comparison between spacers
By letting the flow rate in the hot channel vary from 60 l/h to 160 l/h and post-processing images and data for each spacer, a comparison was conducted between different spacer geometries. The data plotted in Figure 22 can be interpolated by a power law: Phattaranawik et al. [29] analysed the trend of h and Nusselt number for different non-woven spacers. They proposed the use of a correlation from previous literature studies [46] adopting the heat-mass transfer analogy (eq.20 in [29] ). Re-adapting the correlation to the present definition of
Nu and Re and considering the geometrical features of the Diamond spacer used in the present work, the following power-law expression is found: Although being only qualitative comparisons, given the different geometries and experimental approaches adopted in previous literature works, the fair agreement found between the TLC-IA-TP technique and such previous findings encourage towards a further use of the hereby presented experimental technique for wider investigations of the behaviour of spacer filled channels for membrane distillation.
CONCLUSIONS
A space-resolved thermographic technique based on thermochromic liquid crystals (TLCs) was The technique has proved to be quite promising and further investigations will be performed in order to fully characterize mixing and heat transfer phenomena promotion in spacer-filled channels for Membrane Distillation modules. 
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